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INTRODUCTION 
Margetan et al. investigated the problem of assessing the integrity of diffusion 
bonds using reflected ultrasound at oblique incidence [1, 2]. They presented a quasi-static 
distributed spring model to derive the ultrasonic reflectivity of an imperfectly-bonded 
interface as a function of frequency and angle of incidence. The results were then 
incorporated in a model for the comer reflection from a diffusion-bonded joint between 
two butting plates. Rose also studied the ultrasonic reflectivity of diffusion bonds and 
utilized it for quantitatively characterizing defective joints [3,4]. Angel and Achenbach 
investigated the reflection of ultrasonic waves by an array of microcracks [5]. 
Ultrasonic inspection techniques in the 1-10 MHz frequency range are especially 
well suited for evaluating the integrity of brazed joints between copper components. Since 
the routinely used copper-rich filler materials have almost identical acoustic impedance to 
that of the base metal, a perfect bond produces but negligible ultrasonic reflection and even 
very small defects, such as clusters of microporosity and individual cavities of less than 1 
mm in diameter, can be easily detected by simple reflection measurements. Larger 
unbonded spots of at least a few square-millimeters are even easier to detect since the lack 
of filler material in these depleted areas produce almost perfect reflection. 
The principal tool used in laboratory studies to detect and characterize typical 
interface defects in the butt-joint area are high-resolution normal- and oblique-incidence C-
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scan imaging techniques. Oblique-incidence imaging has the practical advantage over the 
more conventional normal-incidence inspection that it can be readily used on specimens of 
any length. Absolute calibration of our immersion inspection system and subsequent 
destructive testing of the imaged specimens revealed that significant interface reflection up 
to about 20 % can occur due to clusters of isolated ellipsoidal cavities which cause only 
minor strength degradation in the butt-joint. The in-plane diameter of these cavities ranges 
between a few hundred microns and one millimeter, while the out-of-plane diameter is 
usually equal to the thickness of the brazing layer, i.e., the cavity occupies the whole gap 
between the two parts. It was established that these microdefects are inherently present in 
most brazing layers therefore the threshold sensitivity of our inspection technique should 
be chosen high enough not to detect voids less than approximately 1 mm in diameter. 
Accordingly, the contact inspection technique developed for in-field testing of the brazed 
butt-joints uses ultrasonic frequencies around 2 MHz and the lateral resolution is 
approximately 3 mm. 
ULTRASONIC RETRO-REFLECTION 
The geometrical arrangement of the suggested contact inspection technique is 
shown in Figure I. In the simplest mode of operation, the probe is manually scanned in the 
lateral direction for defects while the axial direction is maintained to be perpendicular to 
the interface. Alternatively, a multiple-element array can be mounted on a single wedge to 
eliminate the need for manual scanning by means of an electronic multiplexer. The 
arrangement shown in Figure 1 is especially sensitive to comer reflections because of the 
retro-reflective properties of 90-degree comers [I] . Depending on the design of the 
transducer, the same sensor can inspect the total cross-section of the interface. The first 
arrival is the reflected signal from the lower comer (opposite side) followed by a second 
arrival from the upper comer (same side). 
Figure 2 shows the ultrasonic echoes from a 9.5-mm-thick reference bar from 
different distances taken by a small 0.25-inch-diameter wedge transducer. Very close to the 
interface only the bottom comer is detected. The first location where both upper and lower 
halves of the interface are relatively well detected is approximately 5.3 mm from the 
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Figure I. Schematic diagram of the wedge transducer used in contact inspection of 
the brazed butt-joint. 
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Figure 2. Ultrasonic echoes from a 9.S-mm-thick reference bar from different 
distances taken by a small 0.2S-inch-diameter wedge transducer. 
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interface. If the transducer is moved further away from the interface the reflection from the 
bottom comer completely disappears and a single strong reflection from the top comer can 
be detected. The second location where both upper and lower halves of the interface 
produce roughly the same reflections is approximately IS.8 mm from the interface. Due to 
repeated reflections from the bottom and top surfaces of the rod, the same ultrasonic 
reflections reappear after a given skipping distance which is determined by the thickness of 
the specimen. For 9.5-mm-thick specimens the skipping distance is approximately IO.S 
mm. Inspection should be done at the first location where the top and bottom halves 
produce equal reflections except when, due to geometrical restrains or excess brazing 
material covering the surface in the vicinity of the interface, the transducer must be moved 
to the second location further away from the braze. Regardless whether the first or second 
location is used, the transducer is first normalized by a perfectly reflecting reference piece, 
then the amplitude of the normalized reflection is used as an ultrasonic "lack of bond" 
parameter to quantify the bond quality. The lack of bond is usually determined as the 
average of the top and bottom reflections at a given location. Alternatively, two 
independent numbers can be obtained for the top and bottom halves of the interface. 
INSPECfION SYSTEM 
The ultrasonic inspection system consists of three major components, namely, the 
transducer, the multiplexer, and the data acquisition system. The transducer is a special 
KB-Aerotech Gamma array consisting of up to eight 0.2" x 0.4", 2.2S-MHz elements. The 
array is mounted on a specially designed Plexiglas wedge that produces a 4S-degree shear 
wave in the copper and minimizes internal reflections. Figure 3 shows a schematic diagram 
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Schematic diagram of the ultrasonic transducer. 
of the transducer. To maintain good coupling with the test specimen, a Silicone rubber 
sleeve is pulled over the Plexiglas wedge and the ultrasonic array . In addition, the rubber 
sleeve provides excellent mechanical protection for the brittle wedge, the piezoelectric 
transducer mounted on it, and the vulnerable cable connections. 
A six-channel computer controlled multiplexer was designed to handle the process 
of operating the ultrasonic transducers as both transmitters and receivers. The ultrasonic 
flaw detector is controlled by a DOS program written in C++ language. The program has 
five scanning options. Each scanning option has two display modes. One operates as a 
conventional oscilloscope and is called "UltraScope". The second operates as a bar display 
and is called "Flaw Detector". The UltraScope program can be used for detailed inspection 
as well as for adjusting the measuring parameters for the Flaw Detector. The Flaw Detector 
displays the ultrasonically determined lack of bond at different locations or "channels" 
along the brazed interface. The number of channels depends on the relative dimensions of 
the specimen and the ultrasonic transducer and on the resolution of the scanning method. 
Typically, six channels are used to cover the total width of the brazed joint. The ultrasonic 
"lack of bond" is a parameter derived as the average reflection coefficient from the top and 
bottom halves of the interface. 
COUPLING BETWEEN THE TRANSDUCER AND THE TEST SPECIMEN 
The outstanding sensitivity of ultrasonic inspection for detecting material 
discontinuities is due to the large difference in elastic modulus between the structural 
material to be inspected and the air usually filling the discontinuities to be detected [6] . 
This remarkable sensitivity to material discontinuities represents also the most severe 
limitation for ultrasonic nondestructive testing because of the requirement that good 
acoustic coupling be maintained between the transducer and the object to be inspected 
without the slightest discontinuity between them. This goal can be achieved on flat, smooth 
surfaces by using some kind of fluid coupling to fill the inevitable thin, typically sum-
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micron, gap between the transducer and the specimen. The same technique is much less 
effective on curved surfaces, where the width of the gap between the transducer and the 
specimen is inherently wider. The simplest curved surfaces are convex and concave 
cylindrical surfaces that can be relatively easily coupled to by matching cylindrical wedges. 
The coupling problem is further exacerbated on double-curved surfaces. For 
example, thick plates and rods bent in one direction at a principal convex radius of 
curvature inherently assume a secondary concave curvature in the orthogonal direction due 
to the so-called Poisson's effect as it is shown in Figure 4. Such surfaces are very difficult 
to accurately match with precision contoured angle beam transducers of double-cylindrical 
faces and the transducer cannot be laterally translated or rotated at all without losing 
contact between the wedge and the specimen. 
The standard technique to provide acoustic coupling on irregular, curved surfaces is 
to equip the transducer with an oil-filled rubber balloon or wheel that can easily conform to 
the exact shape of the specimen to be inspected. However, in tough industrial environments 
the necessarily very thin rubber balloon often ruptures spilling the oil couplant, which 
might present an unacceptable contamination risk in certain applications such as brazing. 
Clearly, solid rubber coupling would be more desirable in these applications. Solid coupled 
ultrasonic transducers employ a soft solid, typically rubber, padding between the transducer 
and the test piece, which conforms to the surface contour [7-9]. However, special low-
attenuation rubbers have inherently high stiffness requiring relatively thick rubber cushions 
to conform to the irregular surface therefore the transmission loss is still significant. On the 
other hand, special low-stiffness rubbers are usually excellent sound absorbents therefore 
cannot be used as padding materials for ultrasonic coupling purposes. Some exceptions 
however do exist, which can be adapted to solid rubber coupling between contact 
ultrasonic transducers and specimens of curved surfaces. 
We have experimented with numerous silicone rubber compounds and identified 
Dow Coming® HS II high-strength moldmaking silicone rubber as the best commercial 
Figure 4. Double curvature of thick plates and rods due to the Poisson's effect. 
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candidate for casting compliant low-attenuation coupling pads. The tensile and tear 
strengths of this material are 600 psi and 135 psi, respectively. The maximum elongation of 
the cured rubber is close to 500%. The ultrasuic attenuation of this material measured as a 
function of frequency is shown in Figure 5. The sound velocity and density of the rubber 
are approximately 1,000 mls and 1,200 kglm3 respectively. The Shore A Durometer 
hardness of the rubber is 16. 
Essentially the only problem with this material is that, being a moldmaking 
substance, it does not stick to anything and cannot be permanently mounted on standard 
polymer wedges by adhesive means. Special mechanical fixtures can assure durability of 
the padded wedge but at the expense of increased acoustic scattering caused by the fixture. 
The resulting internal reverberations increase the internal noise of the probe and reduce its 
threshold sensitivity during inspection. In order to overcome these difficulties, we have 
developed a tube-like configuration which relies solely on the outstanding strength and 
formability of the silicone rubber to keep the rubber sock solidly in place on the wedge 
without the need for special fixturing devices (see Figure 4). The wall thickness of the 
silicone rubber sock is approximately 2-4 mm depending on the required cushioning 
stiffness and mechanical stability. The stretched rubber sock lacks any sharp reflecting 
comers. This "stealth technology" can lower the internal scattering noise of the probe by a 
factor of 5-10. 
RESULTS 
Figure 6 shows the results of inspecting four different copper brazed-butt joints as 
displayed by the Flaw Detector program. Destructive testing of these joints agreed very 
well with these results. Typically, less than 10 % lack of bond is desirable over the whole 
area of the joint and none of the individual six channels should have more than 20% lack of 
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Figure 5. Attenuation coefficient of the Dow Corning® HS II Silicone rubber as a 
function of frequency. 
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bond for 40-year life-expectation. More than 40% lack of bond over any single channel 
usually indicates a large delamination which is unacceptable. 
For assembled coils it would be advantageous to do the inspection from the side. 
However, ultrasonic inspection of the brazed joints from the side is much more difficult 
than from the top or the bottom of individual rods where easy access is available to the 
region of interest. There are three main disadvantages of inspection from the side. First, no 
additional spatial information is obtained on the lateral location of detected flaw with 
respect to the inspection plane (i.e., on the through-thickness position). In comparison, 
when the inspection is done from the top, in each of the six channels we can also determine 
whether the defect is closer to the top or the bottom, or positioned approximately at the 
center. Second, there is the need for using different wedges for greatly different specimen 
sizes. In the case of inspection from the top, different thicknesses can be accommodated by 
the same wedge using different gating times, which can be easily adjusted electronically by 
the computer. In the case of inspection from the side, different widths cannot be 
accommodated simply by changing the gating function as full coverage of the brazed 
interface requires different wedge angles. Third, clusters of essentially spherical or 
ellipsoidal pores present in most brazes appear to cover a larger fraction of the cross 
section when the inspection is done at oblique incidence. This presents a problem in the 
case of side inspection because of the necessarily low inspection angles (typically about 
15°). 
uniformly good braze medium lack of bond on one side 
uniformly distributed medium lack of bond 
Figure 6. 
joints. 
The Flaw Detector display of the results of testing four different brazed-butt 
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SUMMARY 
An ultrasonic inspection system was developed for industrial evaluation of the 
integrity of brazed generator coils based on ultrasonic retro-reflection. The system is a 
semi-automatic ultrasonic flaw detector capable of assessing the relative lack of bond of 
brazed butt joints at a minimum of six discrete locations along the brazed interface in less 
than 1 minute. Solid rubber coupling between the transducer and the test specimen in the 
form of a sleeve pulled over the transducer was used. This resulted in a factor of 5-10 
reduction in internal scattering noise of the probe. In the initial stages of the project a 
system threshold sensitivity of 10-12% was achieved. Currently this sensitivity threshold 
has been reduced to about 1-2%. The developed system has been in service for a year at a 
GE plant in Schenectady, NY. 
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